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GROUND EFFECTS ON SINGLE- AND MULTIPLE-JET
VTOL MODELS AT TRANSITION SPEEDS OVER
STATIONARY AND MOVING GROUND PLANES

By Raymond D. Vogler
Langley Research Center

SUMMARY

An investigation was made to determine ground effects and Jet-free-stream
interference effects on the longitudinal characteristics of a VIOL wing-fuselage
model at low forward speeds and equipped with various interchangeable arrange-
ments of single and multiple vertical Jets. In-ground-effect data were obtained
with the model over a stationary ground plane and over a ground plane moving
with free-stream velocity.

Qut of ground effect all configurations showed interference 1lift losses and
nose-up pitching moments that increased with the ratio of the effective free-
stream-to-jet velocity. With the model 1 or 2 effective Jjet diameters above the
ground plane, the data showed large additional losses in 1ift for some configu-
rations and reduced losses for other configurations when compared with the out-
of-ground-effect data. The additional pitching-moment increments also varied
with configurations, but the moment changes did not parallel the 1lift changes.
The difference in effects between a ground plane moving with free-stream veloc-
ity and a stationary ground plane was small except at the highest velocity
ratios with the model 1 effective jet diameter from the ground plane. Under
these conditions, the model over the moving ground plane experienced slightly
less 1lift loss and a small nose-up increment in pitch for most configurations.

TINTRODUCTION

Considersble research is being done toward the development of vertical
take-off and landing (VTOL) airplanes to be used in areas where conventional
landing facilities are not available. Jet-supported VIOL models are one of
several types that have been investigated (for example, refs. 1 to 4). These
investigations have shown that 1ift losses occur when the model is hovering
near the ground and that jet-induced 1ift losses and nose-up pitching moments
occur in transition speeds. These Jjet-induced 1ift losses and moment changes
result from interference effects between the jet, the free stream, and the
model. The interference effects on the aerodynamic characteristics of the
model used in the present investigation are reported in reference 4 for transi-
tion speeds out of ground effect. Also reported are the characteristics of the




model in ground effect at zero forward speed. The purposes of the present in-
vestigation were to determine the combined effects of the ground and forward
speed on the losses in 1lift and nose-up pitching moments and to make a compari-
son of data obtained with the model over a stationary and a moving ground plane.
Heretofore data on VIOL models have been obtained over stationary ground planes,
but a ground plane moving with free-stream velocity better represents actual
flight conditions (ref. 5). Since the model had no inlets exposed to free
stream, any inlet effects on the total force and moment data are not included.

SYMBOLS

The force and moment data are presented about the stability axes and posi-
tive directions are indicated in figure 1. The units of measure used in this
report are given both in the U.S. Customary Units and, parenthetically, in the
International System of Units (SI). (See ref. 6.)

c mean aerodynamic chord, inches (centimeters)

D drag, including jet force, pounds force (newtons)

de effective diameter, diameter of a circle equivalent in area to total
jet-exit area of a given configuration, 3.5 inches (8.89 centi-
meters)

h height above ground plane measured from lower surface of fuselage,

inches (centimeters)

L 1ift, including Jet force, pounds force (newtons)

M pitching moment, including Jjet moment, inch-pounds force
(centimeter-newtons)

q free-stream dynamic pressure, pounds force/foot2 (newtons/meter?)

T resultant measured jet thrust, VL? +D° when « =0 and q =0,

pounds force (newtons)

Vj Jjet velocity, based on isentropic expansion from jet-exit total
pressure to tunnel static pressure, feet/second (meters/second)

Voo free-stream velocity, feet/second (meters/second)

a wing or fuselage angle of attack, degrees

93 jet deflection angle, tan'lD/L when a =0 and g = 0, positive
when measured from vertical axis rearward, degrees

Py mass density in jet exit, slugs/foot3 (kilograms/meter3)



o mass density of free stream, slugs/foot3 (kilograms/meter3)

effective velocity ratio

MODEL AND APPARATUS

A three-view drawing of the model is shown in figure 1 and a photograph is
presented as figure 2. The wing, made of 0.125-inch-thick (0.317 cm) aluminum
plate with rounded leading and trailing edges, was mounted flush with the top
flat surface of the fuselage. The nose of the fuselage was made of wood and
the rear section, of sheet metal. The central section of the fuselage was a
steel pressure box with a removable bottom which permitted changing the jet
configuration. The six different Jet configurations, all with equal total exit
areas, are shown in figure 3. A detailed drawing of the pressure box and the
tubing which supplied air is shown in figure 4. A separate nonpressurized cir-
cular chamber in the top of the fuselage enclosed a six-component strain-gage
balance on the end of the mounting sting which projected from the floor of the
17-foot test section of the Langley 300-MPH T7- by 1lO-foot tunnel.

Air entered the model through O.75-inch-diameter (1.90 cm) tubing which was
firmly anchored to the sting near the top of its vertical arm. The alr line
branched into two lines at the manifold and entered the model on either side of
the sting. The lines from the model to the anchor point were shielded from the
free stream. The tubing inside the pressure chamber had many small holes which
distributed the air in the upper section of the chamber. The chamber was
divided by a perforated plate and wire screen to give a more uniforp distribu-
tion of air in the lower part of the chamber. Jet velocities were determined
by a single total-pressure probe inserted at the center of the round Jets and
at two or three positions in the slotted Jets.

The moving ground plane (fig. 4) was obtained by means of a fabric belt
between two rollers driven by an electric motor. The ground plane was
14k inches (366 cm) wide by 121 inches (307 cm) long. The boundary layer on
the tunnel floor upstream of the belt was removed with a suction slot Jjust up-
stream of the moving ground plane. Boundary-layer buildup on the moving ground
plane could be prevented by making the belt velocity approximately equal to the
free-stream velocity. The effect of the moving belt on the boundary-layer pro-
file is shown in figure 5.

TEST CONDITIONS AND ACCURACY

Tests at forward velocity were for an angle-of-attack range from -5° to
20° except when limited by the distance from the model to the ground plane which
varied from 1 to 9 effective jet diameters. The tunnel free-stream velocities
were 30, 60, and 100 fps (9.1h4, 18.29, and 30.48 m/s) and when the ground plane
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was moving, its velocity was approximately the same as the free-stream velocity.
Jet velocities were 400 and 570 fps (121.92 and 173.73 m/s). In addition to
the tests made with the model at forward veloclty, some tests were made at zero
forward velocity at o = 0° through a range of model heights or distances from
the ground plane.

The attempt to get uniform velocity through the multiple nozzles by perfo-
rating the divider plate and using a wire screen was not entirely successful.
The maximum velocity variation among nozzles of a given configuration was as
much as 5 percent for the round nozzles, but was less for the ends of the
slotted nozzles. Usually, the higher velocity flowed through the upstream
nozzles and thus caused the apparent axes of the Jets, as determined from
static 1lift and drag forces, to be tilted downstream approximately 1° to L©
(83 = 1° to 4°). Both of these conditions are the reverse of conditions that

existed when this model was used in a previous investigation (ref. 4). One
explanation is that the wire screen which was in the downstream end of the
pressure chamber may have corroded since the previous investigation; hence, the
size of the screen openings may have been reduced.

The ground-plane belt, still or moving, usually was flat on the supporting
plate, but on some occasions wrinkles would appear in the belt as a result of
jet impact when the tension in the belt had been reduced by high atmospheric
humidity. Usually the wrinkles could be prevented by adjusting the tension in
the belt and applying a partial vacuum to the bottom side of the belt through
perforations in the supporting plate. The wrinkles, produced by the high
velocity jet when the model was close to the belt, were usually about parallel
to the fuselage and were near the wing-fuselage Jjuncture. For the configura-
tion with the long central slot, the wrinkles were not completely eliminated.
There is some doubt about the reliability of the data for this configuration
at effective velocity ratios of 0.25 and 0.1T7 when the model is as close to the
ground plane as 2 effective jet diameters. Wrinkles, if not eliminated, would
change the effective height of the model when the model is close to the ground
plane. They did not appear when the model was farther away than 2 or 3 effec-
tive Jjet diameters.

The expansion and contraction of the air line between the model and the
point where the line is anchored to the sting may be a source of error in the
drag data. Moderately large temperature changes occur in the air line and may
change the zero setting of the drag gage. Most of this source of error was
eliminated by allowing the temperature to stabilize before taking any data,
but some error was inevitable.

Although the accuracy of the data is not considered to be as good as that
usually obtained without a moving ground board and without air lines attached
to the model, it is believed that the ratios L/T, D/T, and M/TE are accu-
rate within *0.04, *0.02, and *0.02, respectively. This belief is based on
repeatability of data, changes in zero settings of balance gages before and
after test runs, and general scatter in the plotted data.




RESULTS AND DISCUSSION

The force and moment data of this investigation have been nondimension-
alized by the measured static thrust at zero tunnel speed and out of ground
effect. For each configuration two thrust conditions and three tunnel speeds

were combined to give a range of effective velocity ratio éovering the

transition speed range. The effective veloclty ratio, suggested in reference 5
and which involves the densities, appears to be a more logical parameter than
Just the velocity ratio if cold-jet data are to be applicable to hot jets. The
six configurations used in this investigation represent some possible single-
and multiple-engine combinations in the fuselage.

Zero Angle of Attack

Data for the configurations at zero angle of attack are given in figure 6
for various tunnel speeds and heights of the model over a horizontally moving
ground plane. The ground-plane velocity is approximately equal to free-stream
velocity. For all configurations there is no loss in lift (L/T = 1) in
hovering (Vo = O) if the model is at least 7 effective jet diameters above the
ground plane. However, if the model is in forward flight (Ve > 0), there are

1ift losses which increase with flight velocity or, more properly, with effec-
tive velocity ratio. Near the ground plane some configurations show large
losses in 1ift and some large gains, with or without forward wvelocity. As the
Jet impinges on the ground plane, it is forced to flow horizontally. This hori-
zontal flow between the fuselage and the ground plane reduces the pressure under
the fuselage and wing and produces the loss in 1lift close to the ground plane as
shown for configurations 1 and 2. However, if two or more Jets are used, some
combinations will produce conditions in which the horizontal flow will be mutu-
ally blocked and the result will be an increase in pressure under the fuselage
between the jets and a gain in 1ift, as shown by configuration 3 of figure 6.
The loss in 1lift away from the ground plane at forward speeds results from
reduced pressure on the fuselage which is caused by the interference between
the free stream, the jet, and the model. As reported in reference 7, the pres-
sure measurements on a flat plate with a Jet issuing normal to the plate indi-
cate a small region of increased pressures upstream of the jet and a larger
region of markedly reduced pressures downstream of the Jet.

The reduced pressures downstream of the jets in forward flight produce the
nose-up pitching moments on this model and are typical of the moments of other
jet VIOL models (refs. 1 to 4). It will be noted that the more streamlined
configurations (configurations 2 and 3) have smaller pitching moments than the
other configurations. At zero forward speed near the ground plane, the
pitching moments are usually small, although the lift losses or gains may be
large. When there is no forward velocity, the horizontal flow is in all direc-
tions and the 1lift increments are distributed symmetrically about the jet center
or group center if the group is nearly symmetrical. However, swept wings low on
the fuselage increase the nose-up moments while the model is hovering close to
the ground. (See ref. 4.)



The variations in drag-thrust ratio with distance above the ground plane
(fig. 6) are small and within the accuracy of the data for any given effective
velocity ratio. Variations in drag with effective velocity ratio result from
a combination of aerodynamic drag and the drag component of the thrust. Com-
parisons of the magnitude of the drag between configurations would not be valid
because the drag includes a small thrust component which is not the same for
each configuration.

A comparison of the data obtained with the model over a still and a moving
ground plane is shown in figure 7. The effective velocity ratio and model atti-
tude were held constant as the model height from the ground plane was varied.
Data points for similar runs at h/de = 9.1 for the still and the moving ground
plane should coincide since the model is essentially out of ground effect. The
difference in value between these two points is an indication of the repeata-
bility of the data. It is unlikely that any single nonannular Jjet would show
an increase in lift-thrust ratio near the ground plane such as that shown at
h/de = 0.5 for the two highest effective velocity ratios in figure 7(b). This
increase was probably caused by wrinkles in the ground plane giving an upward
velocity to the jet after impingement. Multiple Jets may show an increase in
lift-thrust ratio, the magnitude of the increase depending upon such factors as
their geometric arrangement, height from the ground plane, and ratio of the
plate area inside the Jet group to the area outside. In general, the data of
figure 7 show little or no effect of the moving ground plane for the configu-
rations at zero angle of attack. There is some indication of a slight effect,
however, when the model is very near the ground plane. Data taken 1 and
2 effective jet diameters from the ground plane for an angle-of-attack range
are presented in subsequent figures.

Variable Angle of Attack

Out of ground effect.- The longitudinal characteristics of the various
model configurations out of ground effect are presented in figure 8 for an
angle-of-attack range for several effective velocity ratios. The interference
losses in 1lift shown earlier (fig. 6) at zero angle of attack are about con-
stant throughout the angle-of-attack range (ref. 4), but the aerodynamic 1lift
of the wing increases with angle of attack and dynamic pressure to give an
increasing value of the lift-thrust ratio. The increase in dynamic pressure
also produces stronger interference effects under the rearward part of the
model which result in an increase in nose-up pitching moments. The negative
drag at zero angle of attack for some configurations results from the rearward
tilt of the jet axes.

In ground effect.- Data obtained over a still and a moving ground plane
are presented in figures 9 and 10 for model heights of 2 and 1 effective Jet
diameters. These heights are measured at a = 0°. As the angle of attack is
changed, the model moves upstream or downstream om a circular arc,the center
of which is 38 inches (96.52 cm) above the ground plane. Thus, an angle-of-
attack change also results in a corrected height of the moment center as repre-
sented by the following eguation:

ﬁf.J



<A) =48 4+ [10.85 - dA (1 - cos a)
de Corrected de €

The maximum correction (at o = 10°) would increase the model height in effec-
tive jet diameters from 1 and 2 to 1.15 and 2.13. Also, any point of the model
ahead or behind the moment center would be higher or lower than the moment
center by its distance times sin «. Such variations in height should not
invalidate comparison of data for the still and the moving ground plane. Dif-
ferences in the drag data between those obtained over a still and a moving
ground plane are generally within the accuracy of the data, although at the
highest dynamic pressures a small reduction in the drag is indicated for some
configurations when the ground plane is moving.

The effect of the moving ground plane on the 1lift and pitching moments is
more clearly shown by cross-plotting the data of figures 9 and 10 for given
angles of attack and velocity ratios. The cross plots are presented in fig-
ures 11 and 12. Also shown in these figures are the out-of-ground-effect data
from figure 8 for the same angles of attack and velocity ratios.

The effects on the lift-thrust ratios of the moving ground plane are little
different from those of the still ground plane with possible exceptions at high
effective velocity ratios (fig. 11). At the highest effective velocity ratio
(0.25) and at a model height of 1 effective jet diameter, the moving ground
plane gives slightly larger lift-thrust ratios (less 1ift loss) than the still
ground plane. This difference is generally reduced or eliminated at lower
effective velocity ratios or at greater distances from the ground plane. Also,
any differences between the moving and still ground planes vary little with
angle of attack for the range shown.

At the higher effective velocity ratios the increments of moment-thrust
ratios between the moving and the still ground planes shown in figure 12 follow
the trends of the lift-thrust differences between the two ground planes shown
in figure 11. Usually, a 1lift Increment produced by the moving ground plane
is accompanied by an increment in nose-up pitching moment.

The most obvious results shown in figure 11 are the large differences in
lift-thrust ratio between in and out of ground effect. The reduction in 1lift
out of ground effect with increasing effective velocity ratios at o = O°
results from interference. As the angle of attack is changed, the wing effect
is added to the jet effect. For some configurations (configurations 2, 4, and
6) the ground effect is very large and differences between the moving and the
still ground plane are almost insignificant when compared with the total ground
effect. The large ground effect on the 1lift generally results in large changes
in the magnitude of the pitching moments (fig. 12), but the direction of the
pitching-moment increments could not readily be inferred from the 1ift incre-
ments. The ground effect combined with the interference effects resulted in
reduced 1ift and pitching moments for the single-round-jet configuration (con-
figuration 1), reduced 1ift and increased moments for the central-slotted-jet
configuration (configuration 2), increased lift and reduced moments for the
four-Jjet rectangular configuration (configuration 4), and increased lift and
moments for most of the other configurations, when compared with the out of
ground effect.



CONCLUDING REMARKS

An investigation was made to determine ground effects and jet-free-stream
interference effects on the longitudinal characteristics of a wing-fuselage
VTOL model moving at low forward speeds and equipped with various interchange-
able arrangements of single and multiple Jets. In-ground-effect data were
obtained with the model over a stationary ground plane and over a ground plane
moving with approximately free-stream velocity.

Out of ground effect, all configurations showed interference 1lift losses
and nose-up pitching moments that increased with the ratio of the effective
free-stream-to-jet velocity. Configurations with the more streamlined arrange-
ment of the Jjets had smaller pitching-moment increments. With the model at 1
or 2 effective jet diameters above the stationary ground plane, the data showed
large additlonal losses in 1lift for some configurations and reduced losses for
other configurations when compared with the out-of-ground-effect data. The
additional pitching moments also varied with configurations, but the moment
changes did not parallel the 1ift changes. The single-round-jet configuration
showed reduced 1ift and pitching moments; the central-slotted-jet configuration
showed reduced 1ift and increased moments; the four-Jjet rectangular configura-
tion showed increased 1ift and reduced moments; and most of the other configu-
rations showed increased 1ift and moments. The difference in effects between
a ground plane moving with free-stream velocity and a stationary ground plane
was generally small; however, at the highest effective velocity ratio (0.25)
and at a model height of 1 effective jet diameter, the moving ground plane gave
slightly larger 1lift-thrust ratios (less 1lift loss) and positive pitching
moments than did the stationary ground plane.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., November 4, 1965.
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Figure 2.- Photograph of model showing a typical small round jet nozzle.
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(d) Configuration 4.

Figure 10.- Continued.
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(a) Configuration 1.

Figure 11.- Comparison of effects of a still and a moving ground plane on lift characteristics of model configurations at various angles of attack
through a range of effective velocity ratios.
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Figure 12.- Comparison of effects of a still and a moving ground plane on pitching-moment characteristics of model configurations at various
angles of attack through a range of effective velocity ratios.
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